The dietary requirement for choline in laying hens has been studied for many years. Whether laying hens can synthesize sufficient choline for their needs under practical conditions is controversial. Nesheim et al. (1971) detected no response from choline supplementation of corn-soybean meal layer diets. Hennig and Lüdke (1980) suggested that choline supplementation was not required in the diet of laying hens. The choline concentration of dehulled soybean meal listed in the NRC (1994) ingredient composition tables is 2,731 mg/ kg. Menten et al. (1997) reported that choline availability in soybean meal was close to 100%. They also raised the question as to whether choline supplementation was required in laying hen diets. However, the NRC (1994) recommended a dietary choline concentration of 1,050 mg/kg for maximum egg yield. Dänicke et al. (2006) reported that the minimum choline requirement for optimal laying performance was 1,500 mg/kg of feed.
INTRODUCTION
The dietary requirement for choline in laying hens has been studied for many years. Whether laying hens can synthesize sufficient choline for their needs under practical conditions is controversial. Nesheim et al. (1971) detected no response from choline supplementation of corn-soybean meal layer diets. Hennig and Lüdke (1980) suggested that choline supplementation was not required in the diet of laying hens. The choline concentration of dehulled soybean meal listed in the NRC (1994) ingredient composition tables is 2,731 mg/ kg. Menten et al. (1997) reported that choline availability in soybean meal was close to 100%. They also raised the question as to whether choline supplementation was required in laying hen diets. However, the NRC (1994) recommended a dietary choline concentration of 1,050 mg/kg for maximum egg yield. Dänicke et al. (2006) reported that the minimum choline requirement for optimal laying performance was 1,500 mg/kg of feed.
The current choline requirement of laying hens is based on studies conducted 20 or more years ago.
Twenty years is a long time in terms of productive performance of layers. The layer has been genetically modified to improve egg output while maintaining efficiency in current production systems. Moreover, the current choline requirement for brown hens is assumed to be 10% higher than for white hens (NRC, 1994) . These assumptions are based on older literature. Hence, there is a demand for a trial that studies effects of choline on the performance of brown laying hens, which have been genetically improved over the last 20 yr. In addition, there is very little research that describes the long-term effects of choline on egg quality. Therefore, the study was conducted to determine the effects of choline supplementation on productive performance and egg quality of brown laying hens from 19 to 68 wk of age.
MATERIALS AND METHODS

Husbandry and Experimental Diets
All procedures were approved by the Beijing Administration Office of Laboratory Animals. Five hundred forty 19-wk-old HyLine Brown hens were used in this study and were randomly assigned to 1 of 6 dietary treatments varying in choline level. Each treatment consisted of 6 replications of 5 cages (40 × 38 × 38 cm; length × width × height), and the birds in 5 adjacent cages (3 birds per cage) were considered experimental replicates. Hens were housed in a windowless room in 3-tier batteries of cages with ad libitum access to feed and water. The diets were provided daily at 120 g per hen and distributed twice (2 × 60 g) at 3 and 10 h after lights on. Temperature was maintained at 22 ± 3°C. The house for the hens was provided with programmed lighting and ventilation. Lighting was controlled using a program of 13 h at the start of the experiment, and then it advanced by 30 min per wk until 16 h (0530 to 2130 h) was achieved. The birds were obtained from a commercial pullet farm at 17 wk of age. From 17 to 18 wk, the birds were fed a commercial type prelay pullet diet. A phase feeding program (phase 1: 19 to 58 wk of age; phase 2: 59 to 68 wk of age) was used during the experiment from 19 to 68 wk of age. The data were recorded from 20 wk of age. Diets were supplemented with 0 (control), 425, 850, 1,700, 3,400, and 6,800 mg of choline/kg. Choline chloride (purity ≥98%, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) was used as a supplement. Choline chloride was added to diets at the expense of corn. The diets were corn-soybean meal-based and formulated to meet the requirements (NRC, 1994) for all nutrients except choline. Composition of the 6 diets for phases 1 and 2 is shown in Tables  1 and 2 , respectively. The diets were mixed every 4 wk and stored at room temperature. Representative feed samples from each diet were collected after mixing and stored at −20°C until analyzed.
Analytical Evaluation of Feeds
Representative feed samples were ground in a laboratory mill with a 1-mm screen before analysis. Feeds were analyzed for DM by the oven-drying method (method 930.15; AOAC, 2000) . Crude protein was determined by the Kjeldahl method (method 954.01; AOAC, 2000). Gross energy was determined by combustion with an adiabatic bomb calorimeter (model 6400, Parr Instrument Company, Moline, IL). Calcium and phosphorus were measured by inductively coupled plasma emission spectrophotometry (Luh Huang and Schulte, 1985) . Corn, soybean meal, and diets were analyzed for choline concentration by ion exchange chromatography. Powdered feed samples (2 g) were extracted with 25 mL of ultrapure water in a 50-mL polypropylene centrifuge tube and homogenized for 1 min using a Vortex Genie 2 vortex mixer (Scientific Industries Inc., Bohemia, NY) at high speed. Feed samples extracted by using ultrasound bath for 30 min at 70°C, then vortex mixed for 10 min. Extracts were centrifuged at 3,000 × g for 10 min at room temperature, then the supernatant was transferred into a 50-mL volumetric flask. After repeating the procedure, the volume of the supernatant was increased to 50 mL with ultrapure water. The supernatant was loaded into a plastic 2.5-mL syringe and filtered by a 0.45-μm filter membrane. This solution was then used for choline quantification. A Dionex ICS-2500 ion chromatograph (Dionex Corp., Sunny- vale, CA) with a GP50 gradient pump, an ED50 with a conductivity cell, and an AS50 autosampler were used in this study. In the analytical step, the Dionex Ionpac CS12A (4 × 250 mm) analytical column was used and 12 mM methanesulfonic acid was used as eluent. The chromatography was performed at room temperature at a flow rate of 1.0 mL/min. Measurements were performed in duplicate.
Productive Performance and Egg Quality
Body weights of laying hens were measured at the beginning and end of each phase, and the average hen weight per replicate was calculated. Gain was then calculated for different phases. Egg production, egg weight, and mortality were recorded daily during the trial by replicate. Feed intake was determined on a replication basis by weighing back all feed every week. Egg mass was calculated by multiplying egg weight by egg production. Feed conversion ratio (FCR) was calculated as grams of total feed consumption per hen/total egg mass per hen. Production parameters such as feed intake, FCR, and egg production were adjusted for hen mortality. Eggs laid on the last day every 4 wk were collected to determine the egg quality, and the eggs were measured within 24 h after being laid. Egg parameters, including egg weight, albumen height, Haugh units, and yolk color were measured with the Egg Multi Tester EMT-5200 (Robotmation Co. Ltd., Tokyo, Japan), and eggshell strength of uncracked eggs was measured with the EggShell Force Gauge (model-III, Robotmation Co. Ltd., Tokyo, Japan). Eggshell thickness (without the inner and outer shell membranes) was a mean value of measurements at 3 locations on the egg (air cell, equator, and small end) by using the Dial Pipe Gauge (model P-1, Ozaki Mfg. Co. Ltd., Tokyo, Japan). In addition, the weights of egg yolk and albumen were determined on all eggs at wk 58 and 68.
Statistical Analysis
Data were subjected to one-way ANOVA using the GLM procedure of SAS (SAS Institute, 2001 ). Orthogonal polynomials contrasts were used to determine linear and quadratic effects of choline supplementation (Kuehl, 1994) . Egg production and mortality data were analyzed after arcsin transformation. The level of statistical significance was preset at P < 0.05.
RESULTS
Choline Concentrations of Diet Components and Diets
Choline concentrations for corn and soybean meal were 324 and 2,045 mg/kg, respectively. The measured choline concentrations of the unsupplemented diets for phases 1 and 2 were 700 and 653 mg/kg, respectively ( Tables 1 and 2 , respectively). Choline concentrations of the diets varied between 1,052 and 7,556 mg/kg for diets supplemented with 425, 850, 1,700, 3,400, and 6,800 mg of choline/kg.
Productive Performance
Feed intake, egg production, egg weight, egg mass, and FCR results are shown in Table 3 . Feed intake was not affected by dietary choline concentration during either phase of egg production, with an average of 113.7 and 116.6 g/hen per day for phases 1 and 2, respectively. Egg production during phase 1 was linearly decreased (P < 0.05) with increasing choline level in the diet. The average egg production for the study was 91.0 and 83.2% during phase 1 and phase 2, respectively. Dietary treatments had no significant effects on egg weight and egg mass (P > 0.05). However, the lowest egg mass (53.2 and 50.0 for phase 1 and phase 2, respectively) was observed in the birds receiving 6,800 mg/kg of choline. During phase 1, there was a tendency of linear increase in FCR (P = 0.057), and higher FCR (P < 0.05) was observed in the birds receiving 6,800 mg/kg of choline compared with the control group.
Body weight and BW gain decreased linearly (P < 0.01) and quadratically (P < 0.05) with increasing choline level in the diet during phase 1, whereas BW gain increased linearly (P < 0.05) and quadratically (P < 0.01) with increasing choline level during phase 2. At 68 wk of age, no difference in hen BW was observed. Mortality rate was low (3.34 and 2.07% for phase 1 and phase 2, respectively) and was not affected by dietary treatments (data not shown).
Egg Quality
No significant treatment effects (P > 0.05) were found for albumen weight (37.01 and 38.23 g for wk 58 and 68, respectively) and yolk weight (16.21 and 16.69 g for wk 58 and 68, respectively; data not shown). Albumen height and Haugh units increased linearly (P < 0.01 and P < 0.05, respectively) as dietary level of choline increased during phase 2 (Table 4) . Diets supplemented with 425 or 850 mg of choline/kg significantly (P < 0.01) improved yolk color during phase 1, whereas yolk color was not affected by diet during phase 2 (Table  4) . For the entire experimental period, shell thickness and shell strength were not affected by diet (data not shown).
DISCUSSION
Feed intake results are in agreement with Griffith et al. (1969) , Dänicke et al. (2006) , and Rajalekshmy (2010) , who also found no difference in feed intake for hens supplemented with choline. Egg production was within breeder standards during the study. Egg production for the entire flock reached a peak 96.5% at 28 wk of age. During phase 1, there was a linear decrease in egg production from 92.1 to 89.1% as dietary added choline increased from 0 to 6,800 mg/kg. No significant difference was detected in egg production during phase 2; however, egg production for hens supplemented with choline was lower than for control hens during phase 2. These results are partly in agreement with the findings of Holmes and Kramer (1965) , who showed decreased production as dietary choline level was increased unless Met was also increased. Other studies have revealed adverse effects of high levels of choline. Deeb and Thornton (1959) observed a reduction in BW and feed efficiency when broiler chicks fed semipurified diets supplemented with choline chloride more than 2,200 mg/kg. Similarly, Southern et al. (1986) reported that 6,000 mg of supplemental choline/kg depressed daily gain of weanling pigs. On the other hand, Crawford et al. (1969) reported no adverse effects in laying hens fed diet containing up to 5,729 mg of choline/kg. In the present study, egg weight was not significantly affected by dietary supplemental choline, which is in accordance with other research reports (Parsons and Leeper, 1984; Dänicke et al., 2006) .
The initial average BW of the hens at 19 wk of age was 1,631 g, with no significant difference among the groups. After the experimental period of 40 wk (58 wk of age), all the treatment groups gained weight, which was to be expected, because the hens were still in the development stage of life. Tsiagbe et al. (1982) and Ruiz et al. (1983) reported that addition of choline to laying hen diets did not affect the BW. Pillai et al. (2006) observed an increase in weight gain of broilers fed a marginally Met-deficient diet when dietary choline was added. In the current research, no difference in hen BW was observed at the end of the experiment (68 wk of age). However, there was a linear and quadratic reduction in BW of birds as dietary concentration of choline increased from 0 to 6,800 mg/kg at 58 wk of age. The reasons for the discrepancy may be partially due to the TSAA levels in diets, test duration, and laying parameters. Haugh units are the accepted research standard for measuring albumen quality of eggs. Tsiagbe et al. (1982) reported that choline supplementation of 500 and 1,000 mg/kg had no effects on Haugh unit scores in eggs at wk 44 and 64 compared with eggs from hens fed the basal diet (choline, 1,040 mg/kg). In our study, Haugh units were improved by choline supplementation from 59 to 68 wk of age. The reason for this discrepancy is unclear but could be related to the basal diet and laying parameters. Dänicke et al. (2006) observed that pigmentation in yolk was significantly decreased with choline (1,000 mg/kg) supplementation to a layer diet, but supplementing 4,000 mg of choline/kg of diet had no effect on pigmentation of yolk. Moreover, they suggested that excess dietary choline (4,000 mg/kg) influenced yolk pigmentation through a different mechanism from a low level of dietary choline. On the other hand, Wang (2011) found that HyLine Brown laying hens fed with 4,118 mg of choline/kg of feed had significantly lower yolk color than that of the hens fed with 1,528 mg of choline/kg of feed at 49 wk of age. Conversely, we found that supplementing 425 or 850 mg of choline/ kg of diet increased yolk color significantly in the current study. However, this effect occurred only during phase 1. The mechanism of this observation needs to be studied further.
It was concluded that a dietary choline level of no more than 700 mg/kg was sufficient to maintain egg production under the experimental conditions of this study. From 20 to 58 wk of age, egg production was negatively affected in a linear fashion with dietary choline in the range 700 to 7,500 mg/kg. This study also suggests that addition of choline to layer diets is beneficial in improving albumen quality during the late laying period (59 to 68 wk of age). Supplementing 425 or 850 mg of choline/kg of diet improved yolk color when hens were fed a corn-soybean meal-based diet from 19 to 58 wk of age. 
